It is known that proinflammatory cytokines such as interleukin-6 (IL-6) are expressed in the central nervous system (CNS) during disease conditions and affect several brain functions including memory and learning. In contrast to these effects observed during pathological conditions, here we describe a physiological function of IL-6 in the "healthy" brain in synaptic plasticity and memory consolidation. During long-term potentiation (LTP) in vitro and in freely moving rats, IL-6 gene expression in the hippocampus was substantially increased. This increase was long lasting, specific to potentiation, and was prevented by inhibition of N-methyl-Daspartate receptors with (±)-2-amino-5-phosphonopentanoic acid (AP-5). Blockade of endogenous IL-6 by application of a neutralizing anti-IL6 antibody 90 min after tetanus caused a remarkable prolongation of LTP. Consistently, blockade of endogenous IL-6, 90 min after hippocampus-dependent spatial alternation learning resulted in a significant improvement of long-term memory. In view of the suggested role of LTP in memory formation, these data implicate IL-6 in the mechanisms controlling the kinetics and amount of information storage.
stimulation causes an increase of the low constitutively expressed levels of PICs such as IL-1β (12, 13) , and these enhanced levels appear to sustain the potentiation in vivo (12, 14) and in vitro (12) (13) (14) (15) . Since IL-6 and IL-1 are closely functionally related and IL-1 is able to trigger an increased expression of IL-6 (16), we tested in the present study the hypothesis of a putative role of IL-6 in LTP and learning and memory. IL-6 is known to affect multiple functions in the brain. Recent evidence suggests that this cytokine is produced within the central nervous system (CNS) by certain types of neurons and glial cells, not only under pathological but also physiological conditions (17, 18) . Furthermore, IL-6 receptors have been identified in different regions of the CNS (19, 20) and pharmacological studies demonstrated the capacity of IL-6 to alter the release and turnover rate of neurotransmitters and neuromodulators (refs 21-24; for review see ref 25 ).
Here we show that during LTP in the hippocampus, the brain region with the highest abundance of IL-6 receptors (20) , the expression of the IL-6 gene is markedly enhanced. This rise in gene expression could be detected in vitro and in vivo and was specifically related to potentiation. Application of a neutralizing anti-IL-6 antibody (IL-6Ab) 90 min after tetanization resulted in a reinforcement of LTP in freely-moving animal. In accordance with these findings, immunoneutralization of endogenous IL-6 90 min after acquisition of a spatial alternation task resulted in an improvement of retention when tested 24 h later under the same conditions. Thus, our results suggest a role of IL-6 in the mechanism controlling the consolidation of long-term synaptic plasticity and hippocampus-dependent spatial learning that is opposite to the function of the related cytokine IL-1.
MATERIALS AND METHODS

Animals
Male Wistar rats (8-10 wk old, 230-330 g) were used for in vitro and in vivo experiments. Animals were fed ad libitum and housed in temperature and light-controlled rooms (12-h light/dark cycle). Rats were treated in accordance to institutional guidelines and approved by the Ethics Committee of the State of Sachsen-Anhalt.
LTP in vitro
Animals were killed by decapitation, the brain was quickly removed and placed in cold, oxygenated artificial cerebrospinal fluid (ACSF, containing 124 mM NaCl, 4.9 mM KCl, 1.2 mM KH 2 PO 4 , 1.3 mM MgSO 4 , 2.5 mM CaCl 2 , 25.6 mM NaHCO 3 , and 10 mM D-glucose) and the right hippocampus was dissected out. Transverse slices, 400 µm thick, were cut with a tissue chopper and allowed to recover for at least 5 h at 33-35°C in oxygenated ACSF. This recovery time was necessary because previous experiments indicated a transient, nonspecific upregulation of cytokine gene expression during the first hours after dissection of the tissue (12) . Slices were then transferred to a recording chamber, placed underneath a grid of nylon threads adjusted within a U-formed platinum frame, and superfused with oxygenated ACSF (1-2 ml/min). Bipolar stimulation electrodes were lowered to the stratum radiatum of the CA1 area, and population spikes were recorded from the pyramidal layer with glass electrodes (1-4 MΩ). Every 5 min before and 10 min after tetanization three test stimuli (pulse width: 200 µs) were delivered with an interval of 10 s and averaged. The strength of the test stimuli was adjusted to elicit a population spike of ~30-40% of its maximum amplitude. Robust LTP was induced by three trains at 100 Hz for 1 s (pulse width: 400 µs, intertrain interval: 1 min). Control slices received only test stimulation. At the times indicated in the figure, hippocampal slices were removed from the recording chamber, immediately homogenized in TRIzol reagent (Gibco-BRL), and used to determine IL-6 gene expression by semiquantitative RT-PCR (see below).
LTP in vivo
Experiments were performed on freely-moving rats. A monopolar recording electrode (coordinates AP -2.8, L 1.8) and a bipolar stimulation electrode (coordinates AP -6.9, L 4.1) were implanted stereotaxically under Nembutal anesthesia (40 mg/kg ip) into the granule cell layer of the dentate gyrus and into the perforant path, respectively, of the right hemisphere. For drug application, a brass cannula was chronically inserted into the right lateral ventricle (coordinates AP -0.8, L 1.6). Animals were allowed to recover from surgery for at least 1 wk. The stimulus intensity was adjusted to evoke 40% of the maximum population spike amplitude. Five test stimuli were applied every 10 min and averaged. Once stable responses were obtained for 45 min, LTP was induced by strong or weak tetanic stimulation. The strong tetanus consisted of 10 bursts of 15 pulses (200 Hz, 0.2 ms duration each stimulus, interburst interval 10 s) resulting in a "saturated," late-LTP, while the weak tetanus, comprising only 3 200-Hz bursts, induced a decremental LTP, which usually returned to baseline between 3 and 7 h after tetanization (26) . One minute after tetanization until 15 min post-tetanus recordings were taken every 3 min; afterwards a 15 min interval was used.
For examination of IL-6 mRNA expression, rats were killed 8 h after tetanic stimulation. In one group of rats, the induction of LTP was prevented by intracerebroventricular application of the NMDA receptor antagonist (±)-2-amino-5-phosphonopentanoic acid (AP-5; 19.7 ng) 15 min before tetanic stimulation. Control animals received physiological saline (0.9% NaCl) instead of AP-5. After decapitation, ipsi-and contralateral hippocampi were quickly dissected and processed for the evaluation of IL-6 mRNA.
Y-maze spatial alternation task
For intracerebroventricular injection, a microcannula was chronically implanted in the right lateral ventricle under nembutal anesthesia (40 mg/kg). Footshock-motivated right-left spatial alternation learning was tested in a computer-controlled Y-maze, as described earlier (27) . In this task, animals are forced by a footshock to acquire an alternation between two arms of the maze in complete darkness. At the beginning, a footshock (0.7-1.3 mA, depending on the individual sensitivity) was given to the stainless-steel grid floor of the start arm and the animal had to escape into the right alley (correct run, no foot shock in this arm), whereas entry into the left alley (error) was punished by further footshock. In the next trial, the former goal arm served as start arm and the animal had to run into the left alley to avoid punishment. In the third trial, the animal had to run into the right alley, and so on. After the 20th of 40 trials (intertrial interval 1 min), the animal is removed from the goal arm and replaced by hand into the formerly wrong alley, now serving as start arm for the next series of trials. This design is used to avoid that the animals learn the spatial alternation reaction simply by avoiding one particular arm of the Ymaze. Twenty four hours after the training session, retention of spatial alternation is tested using the same behavioral procedure as during training.
Semiquantitative RT-PCR
RNA was extracted from the rat hippocampus according to standard protocols by homogenizing the samples in TRIzol reagent (Gibco-BRL). Total RNA was reverse transcribed with SuperScript II (Gibco-BRL) and oligo dT. CDNA was amplified by 30 cycles of PCR with a competitive fragment as described previously (17) . Controls performed before semiquantifying IL-6 by RT-PCR included a parallelism test, the determination of the efficiency of the RT reaction, the accuracy of the determination of the RNA concentration, and the use of the multispecific competitive fragment pRat6 (17) . The primer sequences used were: IL-6, sense: TGTTCTCAGGGAGATCTTGG, and antisense: TCCAGGTAGAAACGGAACTC; b2-microglobulin (b2-m), sense: TGACCGGCTTGTATGCTATC, and antisense: CGATGTGAGCCAGGATATAG. Amplicons were separated by electrophoresis in 1.5% agarose gels containing 5 µg/ml ethidium bromide and 10% PAGE at 80 V for 3 h. Bands were checked in the agarose gels by excitation at 316 nm and documented. Acrylamide gels were dried and exposed to a phosphor screen, and the signals were quantified using a Phosphorimager device (Molecular Dynamics) with an Image Quant program. Background levels were subtracted from the detected signals. Each individual sample was amplified by PCR at least three times. In all samples, ratios were normalized to the levels of the housekeeping gene β2-microglobulin.
Immunoneutralization of IL-6
The anti-IL-6 antibody (IL-6Ab) or the preimmune sheep serum (kindly provided by S. Poole, National Institute for Biological Standards and Control, UK) was administered intracerebroventricularly in a final volume of 5 µl (1 µl/min). This antibody was shown to recognize natural rat IL-6 but does not cross-react with rat IL-1α, IL-1β, and TNF-α (28). In the LTP experiments in vivo, the IL-6 antibody and control serum were injected either 30 min before the induction of a nonsaturated LTP, immediately after tetanization or 90 min post-tetanus. To investigate the effect of immunoneutralization of IL-6 on spatial alternation learning, IL-6Ab was applied 90 min after completion of the training session. Controls rats received the same amount of preimmune serum instead.
Penetration of the IL-6 antibody
At various time intervals (1, 6 , and 12 h) after intracerebroventricular injection of IL-6Ab, rats were deeply anaesthetized with nembutal and perfusion-fixed transcardially with phosphate buffered saline (0.1 M, pH 7.4) followed by a mixture of 4% formaldehyde and 0.2% picric acid (dissolved in the same buffer). Subsequently, brains were removed from the skull, postfixed in 4% formaldehyde overnight, and cut into 60 µm thick coronal sections on a vibratome. After being washed in PBS three times, free floating sections were preincubated in a 1:1 methanol/PBS mixture with 1% H 2 O 2 for 15 min to block endogenous peroxidases. Thereafter, they were further washed and preincubated in 5% donkey serum in PBS for 45 min to prevent unspecific binding. Sections containing the dorsal hippocampus were subjected to three additional washing steps in PBS and incubated with an affinity-purified biotinylated donkey-anti-sheep IgG (H+L) (1:200; Jackson ImmunoResearch) for 2 h. After washing with PBS, IL-6 antibody binding was visualized using a vectarstain ABC-elite-standard detection kit (Vector Laboratories, Burlingame, VT) containing 0.02% diaminobenzidine (DAB) as chromogen. Subsequently, sections were transferred to microscope slides, air dried, briefly dehydrated with isopropanol (5 min) and mounted with Merckoglas (Merck, Darmstadt). Immunoperoxidase stained sections were examined under a LEICA DM RXE (Leica, Wetzlar) microscope with bright-field illumination and digital images at various magnifications were taken with a SPOT RT CCD camera (1600×1200 pixel resolution) using MetaView image software (Universal Imaging Corporation).
Statistics
The results of IL-6 gene expression were analyzed using ANOVA, followed by the Fischer's test for multiple comparisons. For statistical evaluation of LTP and learning studies, ANOVA with repeated measures and the Mann-Whitney U-test were used for between-group comparisons whereas the Wilcoxon matched-pairs signed rank test and the Friedman test were applied for within-group comparisons.
RESULTS
IL-6 gene expression is increased during LTP in hippocampal slices and in freely moving rats
In a first set of experiments, rat hippocampal slices were used to explore whether changes in IL-6 gene expression occur during LTP. Field potentials were recorded from the pyramidal layer of the CA1 region. After stable baseline recordings were established, LTP was induced by a triple high-frequency tetanic stimulation (Fig. 1A ) and IL-6 gene expression was quantified at different times. No significant changes in the levels of IL-6 transcripts were detected 15 to 20 min after tetanic stimulation (Fig. 1B and C) . However, a clear increase in the accumulation of IL-6 mRNA was evident by 1 h, as compared with control slices in which no LTP was induced. This increase in IL-6 expression persisted as long as LTP remained stable.
The fact that IL-6 was clearly expressed during LTP in hippocampal slices prompted us to study whether an analogous expression occurs also during more physiological conditions, i.e., in the hippocampus of freely-moving animals. A clear increase in IL-6 mRNA expression was observed in the ipsilateral part of the hippocampus of animals in which LTP was induced (ipsilateral hippocampus, Fig. 2, 4 i in A and B) . In contrast, IL-6 expression in the contralateral site of the hippocampus remained at control levels (Fig. 2, 4 c in A and B) . Furthermore, no significant changes in IL-6 gene expression in the hippocampus were detected when the induction of LTP was blocked by intracerebroventricular injection of the NMDA-antagonist AP-5 ( Fig. 2, 2 i in A and B) , or in rats that received the same tetanic stimuli but exhibited only a short-lasting potentiation of 2-3 h duration (Fig. 2, 3 i in A and B) .
Immunoneutralization of endogenous IL-6 in the brain reinforces LTP
The results mentioned above led to the question of whether the IL-6, endogenously produced during LTP, would be relevant for this process. The strategy chosen was to administer a neutralizing IL-6Ab to freely moving rats undergoing LTP. For these experiments, we used a stimulation protocol that has been previously shown to induce a weak, "unsaturated" LTP in the dentate gyrus (26) , allowing the detection of both, reinforcing and inhibitory effects on potentiation. The time kinetics of the penetration of the IL-6Ab was determined in a separate series of animals. We established that this antibody penetrates into the granular cell layer of the dentate gyrus within 1 h where it is still present 5 h later at substantially reduced levels (Fig. 3.) .
Taking into account the kinetics of its penetration into the dentate gyrus, the antibody was administered intracerebroventricular 90 min after tetanic stimulation, i.e., when an increased production of IL-6 is expected in the hippocampus. As shown in Fig. 4 , LTP in rats that received the IL-6Ab clearly outlasted the potentiation observed in controls receiving the preimmune serum. Thus, rats of the IL-6Ab group displayed a significant potentiation for at least 8 h, but LTP in controls decayed already after 150 min to baseline values, resulting in a statistically significant difference between the two groups starting at 345 min after LTP induction. This effect was contingent on the time of antibody administration since no significant effects were noticed when the antibody was injected either 30 min before or 5 min after tetanic stimulation. This is illustrated in Fig. 5 where the values of the groups that received the IL-6 antibody are normalized to the corresponding values of controls. Thus, only if the IL-6 antibody was administered 90 min after tetanization, a clear difference to controls could be observed, becoming statistically significant from 240 min after LTP induction.
Immunoneutralization of endogenous IL-6 in the brain improves long-term memory
The potent effects of an immunoneutralization of IL-6 on hippocampal LTP in vivo prompted us to check whether the same treatment will affect hippocampus-dependent learning. We used a spatial alternation paradigm in which animals are forced by a mild footshock to acquire an alternation between two arms of a Y-maze in complete darkness. This task has been previously shown to depend on an intact hippocampal function (29, 30) . During training on day 1 both, the IL-6Ab group and the control group acquired the task equally well as proven by % errors that were virtually the same (34.33±1.14% and 34.13±1.58%, respectively) (Fig. 6B , left columns of the left panel). However, during the retention sessions 24 h later, IL-6Ab animals displayed significantly less errors (22.88±1.57%, n=26) as compared with controls (29.13±1.41%, n=23). This is particularly evident if the retention is expressed as % savings = (training errors -retention errors)/ training errors. The IL6-Ab group attained 33.32 ± 4.50% savings, clearly contrasting to 18.55 ± 3.32% of control animals (Fig. 6B, right panel; P=0.019 U-test). If the data are analyzed in more detail by grouping the errors scores of the training and the retention session into blocks of 10 trials, it is obvious that the deficit of the control group results from an less efficient memory storage subsequent to the acquisition of the task on day 1. Thus, during acquisition percent errors decreased from the first to the fourth block of trials in the experimental and the control group in a similar manner, i.e., from 41.15 ± 2.31 to 20.77 ± 2.71% and 43.04 ± 3.11 to 17.83 ± 2.74%, respectively. During the retention session, however, the control group started at about the same level as during acquisition (43.91±3.25%) while IL-6Ab animals displayed remembrance of the task starting with lower percent errors (35.00 ± 2.84%) and this deficit could not be compensated by the control group during the whole retention session.
DISCUSSION
The data presented here provide clear evidence that biologically relevant amounts of IL-6 are produced during certain types of LTP and memory formation and that these amounts have a function in the "consolidation" of these processes. It has been repeatedly shown that both, LTP and long-term memory (LTM) require the specific and sequential activation of distinct genes as well as the de novo synthesis of certain proteins to become consolidated (e.g. refs 31-37). Our data indicate that activation of the IL-6 gene is a critical factor for LTP maintenance and the consolidation of spatial alternation memory.
Since IL-6 is constitutively expressed in the brain (17), we used a semiquantitative RT-PCR technique (17) that permits a reliable quantification of gene expression. One could speculate that this enhancement of IL-6 gene expression might be due to a transient inflammatory tissue reaction induced by the high-frequency stimulation. However, here we show that the expression of IL-6 in the freely moving rat is triggered by mechanisms intrinsic to the potentiation and not by the tetanic stimulation per se. Accordingly, increased IL-6 gene expression was only observed around the recording site in the ipsilateral dentate gyrus of animals that expressed a robust LTP. No differences in the levels of IL-6 transcripts were noticed between the ipsilateral and contralateral sides of control animals that received only low-frequency test stimulation. This rules out the possibility that increased cytokine expression could be due to nonspecific surgical stress or possible subclinical infections. In addition, only basal levels of the cytokine transcripts were detected if the potentiation was prevented by application of the NMDA-antagonist AP-5. Importantly, the increase in IL-6 gene expression was linked to potentiation since no significant change in gene expression was noticeable in animals in which potentiation returned to pretetanic levels several hours before the hippocampus was dissected out. Taken together, the results provide strong evidence that 1) tetanic stimulation per se does not account for the increased IL-6 gene expression, 2) the induction of IL-6 expression during LTP requires stimulation of NMDA receptors, and 3) such expression is contingent on a robust maintenance of potentiation.
The increased expression of the IL-6 gene after LTP induction led us to hypothesize that translation of this gene would result in sufficient amounts of IL-6 protein to affect LTP. The results obtained support this hypothesis. When endogenous IL-6 was blocked 90 min after tetanization by intracerebroventricular administration of a specific, IL-6 neutralizing antibody, rats showed an improved maintenance of LTP that clearly outlasted the potentiation of controls (injection of the preimmune serum). No comparable effect was obtained when the antibody was administered either before or immediately after tetanic stimulation. These results indicate that basal levels of IL-6 do not affect LTP induction. Therefore, only at the time when endogenous IL-6 production is increased, the cytokine participates in the regulation of LTP consolidation as a negative regulatory element. The efficient interference with LTP consolidation at a time point as late as 90 min after tetanization is of particular interest because potentiation of perforant path synapses in the dentate gyrus has been reported to be very resistant to manipulation soon after induction (38) (39) (40) . Furthermore, there is no any other endogenous mediator known that interferes specifically with the maintenance of LTP after more than 2 h post-tetanus without affecting LTP induction. The fact that immunoneutralization of endogenous IL-6 could improve a wellestablished potentiation identifies this cytokine as a powerful endogenous mediator controlling a particular phase of LTP consolidation. The temporal restriction of the IL-6 action might appear contradictory to previous studies reporting an impaired LTP inducibility in hippocampal slices after overexpression of IL-6 in mice (41) or application of the cytokine (42). However, there are a number of methodical differences between these and our studies that have to be considered. First, the deficits of LTP in IL-6 transgenic mice (43) might be due to the described serious brain pathology of these mice rather than caused by a specific impairment of LTP. Furthermore, exogenous administration of pharmacological doses is unlikely to mimic the endogenous paracrine/autocrine function of a particular cytokine that is locally produced at a defined stage of LTP. The "strengthening" of LTP maintenance by neutralizing the IL-6 produced after tetanization indicates that this cytokine contributes to the temporal confinement of potentiation. Thus, the effect of IL-6 is clearly opposite to the supporting role of endogenous IL-1 on LTP maintenance (12, 15, 21) As congenial complement to the function of IL-6 in synaptic plasticity, the findings of our learning experiments indicate a similar impeding role of IL-6 in post-trial memory consolidation of spatial alternation learning, a hippocampus-dependent task (29, 30) . Thus, intracerebroventricular application of the same amount of neutralizing IL-6Ab as used in the LTP-experiments in vivo resulted in a significant improvement of retention if tested 24 h after learning. This result that clearly points to an inhibitory function of IL-6 in memory consolidation might seem to be in line with the impairment of avoidance learning found in IL-6 overexpressing transgenic mice (44) . However, the deterioration of learning found in the latter study is more likely to be caused by the severe neuronal pathology developed by these mice (41, 44) . As indicated by the missing effects of IL-6Ab infusion before or immediately after LTP induction, the susceptibility of electrophysiological and behavioral read-outs to cytokine application or any perturbation of endogenous cytokine levels strongly depends on time. This might explain the lack of any effect when IL-6 was applied intracerebroventricular before water maze training and testing (3).
Our learning data strongly suggest that physiological levels of IL-6 exert an inhibitory action on certain types of learning and memory. Similar to its role in plasticity, IL-6 might act as a "filter" in the fine-tuning of consolidation by limiting the long-term storage of some types of information. This role might depend on further variables such as the motivational state of the animals (45, 46) and the type of learning accomplished as suggested by studies with the intraperitoneal injection of cytokines (2).
The opposite functions of IL-1 and IL-6 in LTP and learning suggest the existence of feed-back interactions between these two cytokines. Indeed, IL-1 can induce IL-6 in the brain (16) , and the natural IL-1 receptor antagonist (IL-1ra) is also induced during LTP (unpublished observations). Assuming that LTP-like mechanisms occur during learning, it is tempting to speculate, that activation of this cytokine network during LTP and learning might be relevant for the fine-tuning of mechanisms responsible for the consolidation of memory. injection of IL-6 antibodies. One hour after injection strong immunoreactivity is present in granular cell layer of dentate gyrus (top, left: arrows). Moderate staining in neuropil of molecular layer and hilus indicates the presence of the antibody throughout the whole area. Six hours postinjection immunoreactivity is clearly decreased; 12 h after injection, granular cell layer is devoid of immunoreactivity whereas neuropil in hilus still displays some immunostaining. DG: dentate gyrus; Hi: hilus; CA1: CA1 region of the hippocampus; iML: inner molecular layer; GCL: granular cell layer. ) and preimmune serum, respectively, were either applied 30 before (n=8), 5 min after (n=9) or 90 min after tetanization (n=9). Figure shows data of IL-6Ab groups, normalized to values of respective control groups (injection of the preimmune serum; n=8, 6, and 9, respectively). It is evident from figure that reinforcement of LTP only occurred in rats that received anti IL-6 serum 90 min after tetanization. In this group, increased levels of potentiation started to become statistically significant 240 min after LTP induction (P<0.05 Wilcoxon matched-pairs signed rank test). In contrast, no difference could be detected in animals receiving the IL-6 antibody or the preimmune serum either 30 min before tetanization or 5 min after LTP induction. For clarity, data after tetanization are given as 1 h values (means ± SE). 
